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This report describes the work done by Thermacore Inc., Lanca:tar,
Pennsylvania, for the Phase 1I, 1986 SBIR National Aeronautics and Spli?
Administration Contract No. NAS9-17610, sModular Cold Plates for High Heac
Fluxes,” The work was performed between April 1986 and July 1988.

The principle objective of the Phase 11 work was to develop a series
of modular, high-capacity thermal/mechanical mounting positions (coldri
plates) and the supporting hardwars necessary for uss on the Spac. -
Station. These cold plates and supporting hardvare are intended to
provide mechanical support for Space Station expsriments/equipment and eo
A LREPIE Gt Heat fEou PHé experiments/equipsént to the thermal bus.
The high thermal performance of thess cold plltcl and the lupporting '
hardware was achieved by using heat pipe technology.

Several pieces of hardware were fabricated and tested:
two flexible heat pipe cold plates, and two thermal bus

Figure 1 is a sketch of the hardvare and Figure 2
Currently,

three clamp-

on cold plates,

receptacles.
{1lustrates how the hardware {nterfaces with the thermal bus.
have not been defined for future

specific thermal design requirements
Therefore, with NASA

Space Station experiments using cold plates.

Johnson's concurrence, it was decided that design goals should be

established which represent what is believed to be the state-of-the art

The goals established for each of the
These design goals wvere

for cold plate performance.
fabricated items are listed in Table 1.
established in Task 1 of the Phase II study.
Transferring heat by conduction from one sol
~¢lamped to another-solid body is hindered by the.thermal resistance of the _
Machining tolerances, differential thermal expansion, and

pust all be overcome if a successful thermal joint is

id body -nchanicaily

clamped joint.

mechanical stress
to be made. This is increasingly difficult with increasing joint size,

During Task 2, geveral interface materials were evaluated to

determine which materials could reduce the thermal resistance between the

mechanically clamped bodies. It was also desirable to be able to

disassemble the bodies easily.
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Indiua foll placed bmiun the two bodles pﬁ.or to dnpln; provc
to be an excellent thermal interface material for large atu Jolntl. 'I‘ho y
low tensile strength of the material allows the notal t:o ﬂow. vhen

clamped, and £ill any imperfections of the clamping surfacu. For clmpcd
{nterfaces, as shown in Figure 2, a 0.0019 inch thick Indiun foil ung

demonstrated to have less than 1°C temperature drop at 7 W/cm? over a

239 cm? cylindrical joint clamped at 350 psi. %3

During the third task of the program, the clamp-on cold plates,
designed during the Phase I effort, were fabricated and tested. A clamp
on cold plate is a device which can be remotely outfitted with an'
xporinont or plece of equipment and then physically clamped onto the
tharmal bus. Figurs 1 shows a schematic of the clamp-on cold plate. The

{ ... wiste heat genarated by the exper iment/equipment is transferred to the
thermel bus working fluid. The advantages of this type of cold plate are

remote outfitting of experiment/equipment, modularity, "off the shelf"
capabilities, flexibility, and contingency. Three cold plates were
successfully fabricated, tested, and delivered to NASA JSC.

Task 4 extended the clamp-on cold plate concept to add another degree
of freedom to the application of the cold plate technology. A flexible
heat pipe cold plate is a device which can be remotely outfitted with an
experiment or plece of equipment and then physically "plugged in" to a
thermal bus receptacle. Figure 1 shows a schematic of the flexible heat
pipe cold plate. The waste heat generated by the experiment/equipment is
transferred to the condenser section of the heat pipe that is inserted
{nto the thermal bus receptacle (see Figure 2). The heat is then
conducted across a tapered male-female joint and transferred to the

thermal bus working fluid. The advantages of this type of cold plate are

~-~remote outfitting-of oxperinens/‘quipuntv-.-ioduluity.._.'_of f the shelf”

capabilities, flexibility, and contingency. Two flexible heat pipe cold
plates were fabricated, tested, and one was delivered to NASA JSC.

The fifth task of the program included the design, fabrication, and
test of thermal bus receptacles. A thermal bus receptacle is a device
that is integral to the thermal bus and is a location of enhanced heat
transfer. The receptacle is a device that a clamp-on cold plate can be

attached to or a flexible heat pipe cold plate can be *plugged in.”
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;l-'igure 2 s a lcheuctc of a t.henul bus reeepteele ehovin;;
- versatility of the teceptecle. clamp-on cold plate, flexible hee: P
cold plate system, 4. v;@w :
The thermal bus receptacle utilizes the thermal bus working fluid end

a heat pipe wick structure to enhance the heat transfer between the cold
plate and the receptacle. Two thermal bus receptacle concepts vere N
generated fabricated, tested and delivered to NASA JscC. R
The sixth and final task of the program included essenbling
testing the hardware as a heat transport package. The delign.
(febrication. and testing of the heat pipe hardvare denonstratid
THermacors's ebillty to manufacturs heat transfer devices that could be
.used on ths Space Station. The heat transfer package (clasmp-on cold
plete flexible heat pipe cold plate, thermal bus receptacle) de-onstreted
its potential as a modular, high capacity thermal/mechanical heat transfer

+
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system.
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1.0 INTRODUCTION ’ t s

The thermal bus is ons of the key systems contributing to Ch.ﬁk
potential versatility of the Space Station. In an analogy between thcnnlg'!'
and electrical circuits, the Thermal Bus provides a centrally located hut: <
sink to which heat can flow from sources disztributed throughout the Spacq,‘,_
Staticn. To carry the analogy further, this effort was focused on the":
development of the wall outlets and line cords that will make it possible -
to use the Thermal Bus to its fullest extent. )

Thermal bus receptacles developed by Thermr ore under this Phase IiL
contract are intended to be plzzed into the existing Space Station thermal’
mw mmw locutionw: “IHE thétnal bus m‘iptaclu are the vi‘l% o
uéfifi. Gncb {b’polition. tho tocoptaclel serve to transfer waste heat’
”‘:&'”‘"”“"W%M W’iﬂur Senth T¥on ‘the Space Statfon through the thermal
- bus receptacles and out to the Space Station radiators where the heat can’

be radiated to deep space.

Clamp-on cold plates and flexible heat pipe cold plates developed by
Thermacore under this Phase II contract will serve as heat transfcr
supporting hardware. These components are the line cords. Equipment and
experiments on the Space Station will be mounted directly to the
evaporator of these cold plates. This work can be acconplished inside the
Space Station because of the modularity of the heat pipe components. From
there, the experiments and equipment mounted onto the heat pipe components
can be taken out to the thermal bus and mounted directly onto or into the
thermal bus receptacles. This modular type of heat transier systen will

reduce the time required and risk associfated with working outside of the

habitat and work modules. '
* Thermacore dsveloped heat transfer cowponents to expand the
T “Versatility o "the thertms T“BMW“E”ﬁpﬁmmmlw-wnm«

thermal bus receptacles (wall outlets); three clamp-on cold plates to be
mounted on the outside of the thermal bus receptacles (line cords); and
two different flexible heat pipe cold plates (line cords) to be plugged

into the thermal bus receptacles.




8ix technical tasks were included as part of this Phase II progran,

] Task 1 - Requirements: Establish thermal and mechanical

requirements for high performance modular cold plates (Tabls 1).

&«

m  Task 2 - Clagped Joint Interface Delta-T: Demonstrate a
i S

mechanically clamped interface joint between the cold plg::?and

the thermal bus that has a low delta-T and is easily rc;;;fBI; ‘

from the thermal bus. (Section 3.0) A

Mg

Fabricate' and
demonstrate the performance versus dclta-T for the 30 x 30 cm,
30 'x 60 cm and 30 x 90 cm cold plates designed in the Phase 1
effort. (Section 4.0)

m  Task &4 - Flexible Heat Pipe Cold Plate and Thoermal Bus Coupler:
Design, fabricate and dsmonstrate s flexible heat pipe cold
plate which can be coupled to the thermal bus. (Section 5.0)

® Task 5 - Thermal Bus Alternatives: Modify existing single phase
cooling loop design and/or design a two phase heat pipe type

thermal bus. (Section 6.0)

m  Task 6 - Consolidation of Heat Acquisition - Heat Transfer

Systenm: Assenble the hardware, demonstrated individually, and
test the entire system. (Section 7.0)

ey

g - .. et ¢, e
- - st ST T o R
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The femainder of this report separately covers each of th;hubove
tasks. The discussion will include: requirements for each task, design,
fabrication and testing procedures, test results, conclusions and

recommendations.
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2.0 CONCLUSIONS 4

The principle objective of this Phase 11 program was to dciign.
fabricate, and test a series of modular, high capacity thermal/mechanical
cold plates and the supporting hardware necessary for use on the Space
Station, This objective was successfully met in every aspect. ?ot‘
example, a series of three clamp-on cold plates were fnbrlcutod‘:nd v ,
demonstrated to carry up to 1500 W at 10°C overall delta-T, opcratin; up ¢
to 4" adverse tilt (> 6° angle), and greater than 6 W/cm? heat 1nput :

e A itk

without a sign of dtyout. The specific results and conclusions for sach

\ “i“""“gf the f%duéioﬂ and tékt tasks are shown belov.

2.1 CLAMPED JOINT INTERFACE DELTA-T

Indium fof{l met the thermal performance requirement, demountability
requirement, and the off-gassing requirement for a low thermal resistance
clamped interface joint. Indium foil exhibited a delta-T of <1°C at };
7 W/en?. E

2.2 CLAMP-ON COLD PLATES
The 30 x 30 cm and 30 x 60 cm plates performed as calculated with

FCUE RN S

acetone and ammonia. The 30 x 90 cm plate performed as expected with

acetone, however, it appears that it did not maintain primed arteries with

ammonia. . :
A uniformly distributed heat load is the best loading for the present ‘ﬁ

design. However, strip loads at heat flux levels up to 6 W/ca® are also - ;

easily accommodated provided the loads are perpendicular to the heat V@; e

SRR *
s

Each cold plate design is required to transport pover vith a

relatively independent of cold plate size and is more a function of the
clamp design. Most of the temperature drop occurs because of the heat ]
pipe delta-T of condensation and the delta-T of conduction through the é,
clamping mechanism and interface gap.

Higher power carrying capabilities are easily accommodated by the iz,
present heat pipe design, however, a larger condenser area and a lowver

temperature drop of 10°C or less. Tests show that temperature drop is y ‘
1
thermal resistance clamp and interface are required to meet the 10°C %

overall delta-T limic.
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B vorﬁing fita pti’fb‘éﬁ& ‘Best with all heiter geomstries uctpt tor the

ams e SRR R Pt oned SKINE ¥h8 Perimeter of € ‘evaporacor. S )

{
2.3 FLEXIBLE HEAT PIPE COLD PLATES !
The FHPCP with 2.34 cm diameter vapor space performed as expected 3
with acetone, however, it appears that it did not maintain primed arteries i
with ammonia. The depriming of the arteries is possibly due to flux s
material introduced during the sintering process. This could affect the ' .38 i
wetting angle and lead to poor capillary performance. : }
The FHPCP with a 2.54 cm diameter vapor space, using ncetono as the ,
working fluid, performed best with the heat loading uniform over the  f' N
evaporator area. Strip loads normal to the heat pipes were also E ’
successfully demonstrated. ' |
The FHPCP with a 2.54 cm diameter vapor space, using ammonia as the i
4

The FHPCP with a 1.59 cm diameter vapor space did not operate as
designed. The poor performance was determined to be a capillary limit

T it e

caused by a large pressure drop in the artery manifold which supplies the

PO —

16 evaporator pipes with liquid drawn from the condenser.

2.4 THERMAL BUS RECEPTACLES
The Flow Through (TBR I) and Reservolir (TBR 1I) Thermal Bus

receptacle design are capable of transferring the wvaste heat from the

clamp-on or plug-in cold plates to the thermal bus.
Strict control over the ammonia liquid level in the reservoir of TBR
I1 is essential to prdvidc uniform heat rajection.
Closely matched surfaces and surface finishes of 16 rms or better are i
required between the FHPCP condenser and the thermal bus receptacles in 3
order to minimize ﬁh;ff;giéfiéi ro:itccncﬁ"ihc*ailti-ff‘

s +> 1 et
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2.5 CONSOLIDATION OF HEAT ACQUISITION HEAT TRANSFER SYSTEM 7
The consolidation of the heat transfer components as a unit heat :x "g
transfer system demonstrated the concept in principal; however, the g :
performance was less than the design goals. Because the components were i
fabricated, tested, and modified as separate components, the interface 4
joints were not as good as they originally were intended to be. The
result was a lower than calculated heat transfer capability which further

4




%
reinforces the previous conclusions that good Int‘thco joints: are

critical to good performance in this type of a noduht aysten,
A Flow Through Cold Plate capable of carrying ;ruto: than 3000 \uttl

The flow through cold plate was an additional t:uk .beyond the original

scops of work. This flow through cold plato used the tochnology

developments from the clamp-on cold plate, flcxibll heat pipe cold plnto
and thermal bus receptacles. The end result is a lov mass heat pipe cold

plate with a high heat transfer capacity at a corruﬁondin; low dclta-'r.
A %t

gl 2




3.0 CLAMPED JOINT INTERFACE DELTA-T

In order for the cold plate hardware developed under this program to
be successfully clamped to a thermal bus loop, an interface material with
good thermal conductivity was necessary to enhance the heat transfer
performance across the gap of the a mechanically clamped joint.

This work began in February, 1985, under a Phase I SBIR RASA JsC
Contract No. NAS9-17280, "Modular Cold Plates for High Heat Fluxes," cnd
was completed under this Phase II Program.

The principle objective of the interface naterial task was to test

‘a variety of materiah in an effort to find a low dclta-'r easily
G-muntablc. “and Tow ottgssing clanped joint Intérface material. “Several
e pins o EYPOS € of nacorinl- vere tcstod including: th.rually conductive opoxiol,

thermally conductiv. rubber pads metal foils. and various other low vapor
pressure materials.

The materials are to be used between the thermal bus and the clamp-
on cold plates (Section 4.0) or the thermal bus receptacle (Section 6.0)
and the flexible heat pipe cold plates (Section 5.0). Sections 3.1 - 3.4
describe the interface requirements, the test matrix, the test procedure,

and the results and conclusions.

3.1 REQUIREMENTS

The first task of the mechanically clamped interface task was to
determine the minimum requirements for the clamped joint. Based on the
dimensions and requirements for the clamp-on cold plates, flexible heat
pipe cold plates, and thermal bus receptacles, the following requirements

were seslected:

2
PR . £

Interface Delta-T 1-3°C at 7 W/cm?
Demountability Manually demountable

Material Outgassing Low outgassing (low vapor pressure)




e i

3.2 TEST MATRIX

The sscond task of the interface materials investigatiod was to
design and fabricate a test vessel that vas representative of an actual
elamped joint, For thla program, the elanped inverface vas a eylindrical
geonetry approximately 7.62 om in diameter. A photograph of test hardvare
1s shown in Figure 3. ‘

pa

o]

Figure 4 is a cross-sectional assembly drawing of the test vessel
The materials tested were applied at the thermal interface between the
simulated thermal bus and the simulated cold plate. The simulated cold
plate was clamped onto the simulated thermal bus with bolts. Heat was
BF1LEd™E8 N outer " Ulumster ¢f "the simulated “cold plate throdfgh
" electrieal vesibtincs histers. The heat was transferred radially 1mu‘§i!
i where it was removed by the cooling water. The flov chamber insert vas
used to inér#as the heat transfer cosfficient at the simulated thermal F
bus/cooling water interface. Thermocouples located in the test fixture ] ‘
|
%
1

-
P :
- . : . B el
o e ot a sy o L e
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and in the cooling lines were used to derermine the delta-T across the
thermal interface and to calculate the total power transferred.

Four groups of materials were tested: metal foils, epoxies, thernal
pads, and miscellaneous materials. The specific materials are listed in
Table 2.

3.3 TEST PROCEDURE
The following test procedure was used to collect the thermal
resistance data for a clamped joint.
A)  Apply the thermal resistance material to the inner diameter of
the simulated thermal bus.
B) Place the two halves of the simulated cold plate onto the
sinmulated thermal bul and bolt the two halves ‘togsther.

g A o

C) Torque the bolts to approximately 14 fc-1bs. For this

g A Mbpp e

pressure of approximately 350 psi.
D) Attach an electrical resistance heater to the outer diameter of

the sizulated cold plate followed by two inches of Kaowool

insulation blanket.

particular test, a torque of 14 ft-lbs results in a clamping » s

ORIGINAL PAJE IS ]
OF POOR QUALITY
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TADLE 2. Interface Materials Test Matrix 5
Foila Miacellansous
Aluminua Poil (.001") Molybdenum Disulfide
Indium Foil (.0019%) Silicon Vacuum Grease :
Thermatrace NH ¢
Epoxies Vatlube '
Tra-Con Tra-Duct 2902 Silicon 01l
Emerson & Cuming Stycast 2850 Ft Emerson & Cuming TC4 Thermal Grease
~{ +7: Magnolia Compound 81-090 ~ Grapho 507 Graphite .
: ' rhethdset 340 Masin 0 © - Alr Betwesn Folished Surfaces (8 ruS)
R o g i e A et s ot e - ALy Between Rough Surfaces (64 RMS)
Thermal Pads

~ Coolsil Pad 1867 & Spray Adhesive
‘Coolsil Pad HS-007-AC
Coolsil Pad 1867

o n o aY g

Q-Pad

E) Turn the cooling water on and turn on the electrical heater. ?
For this test vessel, the power in was initially set at ' :
approximately 250 watts. !

F) Allow the test vessel temperatures to reach steady state and 3
record the thermocouple readings into the laboratory notebook. .

G) Increase the electrical power 250 watts and repeat F-G up to .
approximately 2000 watts. -

v 32 .. RESULTS _AND_CONCLUSIONS e - _

Figures 5.8 are the results of the test matrix. The figures are

plots of heat flux (W/cm?) versus delta-T (°C). Several materials can
meet or exceed the heat flux/delta-T requirement of 1-3°C at 7 W/cm3.
These materials include: Indium foill (.0019"), Tra-Con Tra-Duct 2902

Epoxy, and Emerson & Cuming TC4 Thermal Grease.
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Of these materials, only Indium foil can meet the thermal performlnc.
requirement, the demountability requirement, and the offgassin;
requirement. The epoxy is not easily demountabls. The epoxy must bog
physically broken (with excessive force) or thermally broken down at l'f‘
temperaturs which causes excessive ammonia vapor pressure. The thermal
grease offgasses 1pidly in a high vacuua environcent and “"dries out*
causing a decreas. in thermal performance with time.

The thermally conductive rubber pads were the most convenient
material to work with but are not manufactured thin enough to get the

r‘>requ1red performance Q- pad is 0.006" + 0.001" thick and has a delta-T
Tef 6.5°C st 7 W/ewP. Pads with thicknesses less ‘than 0.003° would lowe?
- (] Ea’lta-‘l" ‘to’ bttov 3°c iﬁ v W/cn’ Therefors; mtu these pads are
available, Indiun foll is the only material %u‘tnd t!ut: neets th.
rcquitonntn. SRR K 'i Wt ‘

Indium £f51{1 has & nelting point of 156°C, aifhlrnal donductivity of

85.4 W/m®c, and a tensile strength of 380 psi. The melting point

indicates that the foil will be a solid in the operating temperature rango
of 0 to 40°C. Solid metals generally have low vapor pressure wvhich
implies low outgassing. The thermal conductivity is 20 to 50 times higher
than epoxies and thermal greases. And, the low tensile strength allows
the metal to creep and fill any imperfection on the clamped surfaces. For
these reasons, Ind{um foil was selected as the interface material for the

clamp on cold plates.
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4.0 HIGH PERFORMANCE COLD PLATES R

The three clamp-on, modular cold plates, designed and por!ornanca '
predicted during the Phase I effort, were fabricated and tested. The
fabrication, processing, and performance testing {nformation gained vas 3

{ntended to verify the design prinaciples used and to provide a data base i
Sections 4.1 through :

oy

of performance as a function of heat load placement.

4.6 detail the work effort completed in Phase II.

the applicaﬁh epcutint tupdﬂeutc range and lllovtblo dolu-‘t'l. hud j
on the operating temperature and allowable delta-T, preliminary d.lign j
calculations wers performed using state-of-the-art values for the design o
parameters. The result of these calculations was to set the power
selection and physical

Table 3 is

transfer capability requirement. Material
dimensions were a direct result of the Phase I design effort.

a listing of the clamp-on cold plate design parameters/requirements.

TABLE 3. Clamp-On Cold Plate Parameter/Requirements
PARAMETER MAGNITUDE
Structural Material 1100 aluminum |
Working Fluid Ammonia/Acetone ;
Mass Minimize
_Operating Temperature 0 - 40°C "R
Dimensions of Plate T e 30 x 30 cun T -
30 x 60 cm
30 x 90 cm 3 |
8 - 10°C k1

Temperature Drop

Power Transfer Capability

2000 - 3000 W

16




4,2 DESIGN

The design effort for the three clamp-on cold plates vas performed
during the Phase I effort. The sizing calculations, optimization schemes,
and performance predictions are all desorided in detall tn the Final
Report for NASA Contract Number NAS9-17280 "Modular Cold Plates for High
Heat Fluxes.” Figure 9 is a sketch of the selected design. However, a
change was made to the proposed wick structure. The proposed, two artery
*D" shaped wick structure was changed to a single, pedestal artery.

The modification was made after several single heat pips tests showed

e that  vapor ‘omucod at the \uu/vick interface was pcmtutin; the

" artetles and préventing the return of 11814 to the eviporator. For these
'cbld plates to operate as designed, the wick structure selected must be
all of the following: high pnrfomncc (lint:lrod powder metal, arterial),
prime easily (arteries), and resist vapor penetration caused by the
boiling at the wall/wick interface (arteries). Sintered powder metal
pedestal arteries are inherently high performance, and have been
demonstrated to prime themselves. The only remaining problem was to
prevent vapor penetration into the arteries.

For all practical purposes, boiling is an unavoidable phenomenon in
ambient temperature heat pipes. The boiling itself does not greatly
affect the performance of the wick, but rather the vapor generated
penetrates the arteries and causes them to deprime, which in turn, causes
the heat pipe to dryout.

Tests run under the US Air Force Contract #F33615-84-C-3415, *High
Performance Aluminum Heat Pipe Development,” indicated that the nucleation
sites are located in the first few layers of powdsr sintered to the valls.

Therefore, to keep the vapor generated gron_?onotr-ting the arteries, a

wick structure needs to be designed with the pressure drop to the vapor‘w

space less than the pressure drop to the artery. This type of wick
structure would force the vapor generated to circumvent the artery.
Figure 10 is a concept drawing of two wick structures which were

developed to verify the above hypothesis and to demonstrate on the bench

a high performance, easily primed, boiling resistant artery heat pipe.
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HEAT PIPE SHELL

Figure 10.

ARSE GRAIN ALUMINUX
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Boiling resistant artery designs
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A three foot long heat pipe with a combination of grain sizes (course
circumferential wick-fine artery wick) wick structure was fabrlcatfiund
tested using acetons as the working fluid. The heat pipe bench test set
up is shown {n Figure 11. The heat pipe vas oriented with the evaporator
above the condenser (against gravity). Tests vere run at horuonnl.‘" one,
two, three, etc. inches against gravity and the pover was increased unedl
the evaporator dried out. Figure 12 shows data collected for the

conbination grain size boiling resistant wick structure heat pipﬂ‘? sing |

acetons as the working fluid. This particular heat pipe performed better
than prodic:ad.

B Coarss powder c’ii’emfafnﬂéhl viek

] Fine powder artery wick ‘ *

] Slotted aluminum artery liner »

The coarse powder circumferentisl wick has good perseadbility/pore
radius properties which gives the heat pipe high performance. The fine
powder artery and the slotted artery liner impose a high pressure drop
barrier around the artery to prevent vapor penetration and possible
depriming of the artery. The smooth inner wall of the artery tube may
also delay the incipience of boiling inside the artery. Also, the
condensation delta-T in the plate {s proportional to the wick thlckulu
at the condensation site. The padestal artery design i{s thinner tlua the
*D* shaped design {n the condsnsation area. And, finally, tests with
acetons have shown that the pedsstal artery dasign is capable of priming
on earth; and therefore, the "D* shaped wick design is WOT NeCessary.

TTTTTTTT THe” vxwpmmtm-(wnwm

under this program were patented.

Because of the developing nature of the boiling resistant arteries,
the cold plate design was not re-optimized based on the selected wick
structures. However, the thermal performance of the as fabricated cold
plates was predicted. The calculated performance vas based on evaporator,
adiabatic, and condenser areas as shown in Figure l4. The evaporator area
{s considered to be the entire circumference of the heat pipe not above
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Figure l4. Evaporator adiabatic and condenser areas used to

model the clamp-on cold plates
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the clamp plus the upper half of the heat pipe above thc clanp The“
condenser area was assumed to be equal to the bottom half of tho“heat: pitpo

minus the area of the artery in the vicinity of the clamp. Tablo 4’1{£.
. A

listing of the predicted thermal psrformance. : S
ﬁ;'

TABLE 4, Predicted Cold Plate Performance "i%_"
WCALCULATED © GALGULATED 3.
POVER . ULTIMATE POVER .
WORKING PLATE TRANSFERRED TlANS!ERl!D;g
~FLUID SIZE (CM) —_— [4°)] +
- heotorm wzv o L 30 x 30 1134 - - 2017 ‘~§
I S _ T ,;r

Acetons © - i 30 x 60 1288 2169

LRI NP YoM i ".q., W ;“,.5'*‘(-,.,

Acetons . 30xd0 1316 7 2214

Amnonia - 30x30 1262 . 6957

Ammonia 30 x 60 1365 7084
Ammonia 30 x 90 1368 7648

EE *Assumes a 5°C heat pipe delta-T is equivalent to a 10°C overall
t delta-T.

The predicted powers are lower than the 2000 - 3000 W goal, hove&pr

>
; it was mutually (Thermacore/NASA) decided that verifying the vapor
! resistant artery concepts was more important than the arbitrarily (state-

PR

of-the-art) set goal.

- "‘"—S’:“;ﬂ"“k ey f‘_ SN

S

su e e e —a-

4.3 FABRICATION
The cold plates were fabricated from a solid block of 1100 aluminum.

This was done for two reasons. First, the integral plate/clamp eliminates
a particularly large interface delta-T and secondly, the integral heat
pipes with a sintered in place wick structure eliminates a potentially

-

large interface delta-T.




As mentioned previously, the wick structure, sintered aluminum
powder, was sintered in place in a vacuum envirorment. Process cohtrols
and wick samples were used to achieve the desired wick poro'ridius, 7
permeability properties. The sintered wick structure was accomplished ;
using a two-step procedure. The first step wvas to sinter the coarse
powder circumferential wick; and, the second step was to sinter the fine
powder/artery liner arterial wick, '

All end caps and fill tubes were gas tungsten arc welded (GTAV) using
1100 aluminum as a f{ller metal. Nupro SS-4H stainless steel bellovs
valves weres attached to each of the fill tubes for ease of filling and
venting during the test program. ERach of the plates vas operated with
ammonia for wore than 1000 hours at 40°C and then vented to remove any
non-condensible gas generated from cantllluanta after the sintering
process. Following this cleaning process, th. flll tuboa vere pinched off
and GTAW to seal,

4.4 TEST MATRIX
The test matrix for the clasp-on cold phtu vas selected to prov!.do
the following: 5
Performance as a function of plate dimensions
Performance as a function of working fluid
Performance as a function of plate orientation (tile
against gravity)
[ ] Performance as a function of heat input area

Three clamp-on cold plates were fabricated (30 x 30 cm, 30 x 60 cm, and
i3 % 90 cB). and tested with both acetons lnd assionia at three different

R s e

plate orientations (horizontal, 2 inchol. and 4 inches a;alnst gravity)
with four different heater configurations. In all, 72 tests were run, the

complete test matrix {s shown {n Table 5

ORIGINAL PAGE |
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photograph of the actual test set-up.
A. Process the heat pipe with either acetone or ammonia
B. Attach theRelamp-on cold plate to the F,0 cooled linulated“

thermal busy
na:orinl.if,i

2y G Qrient th; @lato at either 0 inch, 2 inch, or &4 inch til
t the thermal bus axis. (See Figure 13). &

D. Apply Hincfg: {n foil heaters to the heat input surface as she

in the tesfilatrix,

E. Apply apptoiinntcly two-inches of Kaowool insulation over
heater inp t area and clamp in place.

F. Turn on th. water to the simulated H,0 cooled thermal bus at*
approxiuato y 100 ml/min. Temperature and flow rate should b&§

\¢ maximum plate temperature is less than 50°C. 3

such that ,
1 heaters and leave undisturbed tuo reach ltoudyu

G. Energize

state.
H. When lconézgstato 18 reached, record all temperatures, flo:.
rate, and heater power. :i‘

I. Increase h.ac load and repeat Steps G to I unti] the delta-T
between thc edge of the plate and the thermal bus exceeds 10°C.

#.6 RESULTS AND CONCLUSIONS .
A total of 72 tests were run to complete the test matrix. An oxanpli

o of the test data is ;:hown "In F{gufs 167 The Plot sNowE the temperature -
difference between outer edge of the plate and the interface and tliermal
bus as shown in Figure 14, versus the total power transferred. For any
given test, the temperature difference between the interface value and

B T

the thermal bus valus is the delta-T of conduction across the interfaces
gap. Appendix A shéu; the plots for each of the 72 tests.

Table 6 is a conparison of calculated and actual performance for the
plates operating at tha 10°C delta-T 1limit. The calculated performancc‘
. adiabatic, and condenser areas are shown in g

ARy

based on evaporatory

Yigure 17.

i
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WORKING
ELUID

Acetone 7 ‘ 1134

e KEgtone YT T 30 x 1288
xél"toﬁ«.u R R L Lo g e . . 1316}14 R TR T S SO

*Auunu a s'c hut: plpo dclu-r s equivalent to a 10"6 overall
dcltl-'l'. .

= 5 3
Vit '\mu‘. i

xpoi:t‘orug‘c

" is the delta-F o? conBuction acréss ciu clanp and interface bo

clmp and the thermal bus. Of the 10‘0 total allowable dnltl"‘l‘" :
Yttey €dge of tnr'plttr to the thermst w&wr—i'ﬁ oo

the delta-T of conduction mentioned above. The second design limitation
is the dJelta-T of condensation inside of the heat pipe. This delta-T is
70% of the total heat pipe delta-T. Therefore, in order to increass the
performance of these cold plates, a clamping mechanisa would havs to’be
designed to include a larger heat pipe condensation aréa, and the clamp

itself must have a lowsr thermal resistance.




" WORKING
ELUID

 Ammonia

Iz
Horizontal
2" Tile

4" tilc

€937 (27)
3933 (2%)
4963 (19)

AR s A

>'Hbr£zonc¢1 ’

'2' ttle ‘

4° tile

. 2017 (1)
1662 (7)

1312 (6)

048 (N
618 (29)
$353 (20)

2169 (8)

191 M

1417 (6)

1829 (7)
1443 (g)

*Assume artery leak tightness squivalent to sintered wick tpcblltty an‘
vapor does not penetrate into the srtery.

;4‘

Table 7 is a listing of the capllllry 1linited maximmm power thl:
could be expected with the prosonc design. It is clear that the yl:;:l
utilizing annonxa as the working fluid have a potential to carry !
substantial power. Howsver, thé total delts-T's (from plate outer edge L

. to thermal bu£3 ualng the pf%toéi cianpln; sechanisa a:o*qulttrlargpéiL‘ o
Coigeariey. o e e ;A
‘ . After rovtcving cho pct!or-ancc data and pzod!etlons. tb- fbllavia‘

conclusions aad roco-ondatlons can be reached, »
15‘%~

The 10°C dolta-T limit allows only a small increase in povor

carrying capability with a substantial increase in plate size.
This indicates that the performance is limited by the heat pipe
delta-T of condensation and the delta-T of conduction through
the clamping mechanism and interface gap.
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A uniformly distributed heat load i{s the best loading for the

present design. However, strip 1loads are “also easily >

accommodated provided the loads are perpendicular to thc heat
pipes. .
The 30 x 30 cm and 30 x 60 ca plates performed as oxpcetod with .
acetons and ammoni{a. The 30 x 90 cm plate performed as oxpactod

with acetons, however, it appears that it was not -ain:aining;v

primed arteries with smmonia.

Higher power carrying capabilities are esasily ncco-lodatod by
the present heat pipe design, howaver, a larger condcnsor area
and s lover thermal resistance clamp and interface are rsquired
to meet the 10°C overall delta-T liamit,
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5.0 FLEXIBLE HEAT PIPE COLD PLATE AND TBERHAL BUS COUPL!! ‘ggr

{ ‘ .;.. - .“«,

The development of the flexible heat pipe cold plato (FHPCP) was
conducted following the identification of the design requirements shown

in Section 5.1,

3.1 REQUIREMENTS
The design requirements for the FHPCP are shown in Table 8.

TABLE 8. Flexible Heat Pipe Cold Plate Design Roquitomenég

R e T T VR \
S ot I e il

i  Material ‘ 1100 Aluminum
g Working Fluid Ammonia, Acetone
Mass Minimize
Operating Temperature (°C) 0-40
Dimensions (cm) 30 x 30, 10 x 2.54 diameter

through holes
30 x 30, 16 x 1.58 diameter

through holes
Temperature (°C) 8 -10
Total Power (W) >1000

5.3° FLEXIBLE HEAT PIPE COLD PLATE BESTGH N A
- '*‘ﬁTho "Flox{b1s heat pf?%ﬂ%oid‘wfito shown in Flgure 18 was do-i;n.d
udng the’ requ!timntc {n ‘Table 8 as design goals. The dnl;n of thn
FHPCP ‘began with-an- evaluatien of-alternative wick structires . showm fo.._._ .
Figure 19. The wick structures were evaluated in terms of anticipated
performance, ease and cost of fabrication, weight, artery priming,
tolerance to boiling and overall heat pipe Delta-T.
Based on fabrication considerations and weight, the round geometry,
design F (Figure 19), was selected as the primary design. Pedestal artery

concepts in both a 2.54 cm diameter and a 1.58 cm diameter were selected

as the most promising wick structure designs.
All of the wick structure concepts in Figure 19 are tunnel artery

designs, Tunnel artery designs are proven high performance wick
structures, but tunnel arteries do not inhibit vapor penetration into the
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F. PEDESTAL ARTERY DESIGN

Figure 19. Alternative cold plate wick structure design




artery. Vapor generated at the wall/wick interface penetrates the artery .

and causes it to deprime. When this happens, the heat pipe can no longer
transfer power and dries out. To prevent vapor from penetrating the
artery, a wick structure was designed with a surface tension resistance
to the vapor space less then the surface tension resistance to the artery.
Figure 18 shows the wick and artery design.

The design incorporates a coarse powder circumferential wick and a
fine powder artery with a slotted artery liner. The coarse powder has
excellent permeability and pore radius properties and is responsible for
the heat pipe’s high performance capability. The fine powder and slotted -

. §ub0 anou a high surface tension barrier around the artery to prevent
vapor from ‘pmottaung ‘and depriming the artery.
. Figure 20 shovt tha artery features incorporatod in this design to
a:;utc tolerance to bolllng The remainder of our effort centered around
the heat pipe delta-T, weight and erase and cost of fabrication.

The square, rectangular, layered and triangular designs would require
thick walls to avoid buckling due to the {nternal vapor pressurs of
ammonia. This would also increass the Delta-T through the cold plate
wall. Fabrication of these designs would be difficult implying & high .
cost of manufacturing,

The circular geometry cold plate designs are lightweight, cost
effective and provide a low delta-T. Table 9 describes the circular,
square, and triangular concepts in terms of dimension, number of heat
pipes per cold plate, weight and delta-T through the cold plate wall.

ORIGH AL #2738 185
OF POOR QUALITY.
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Based on the thermal and geomstric requirements cstablishod in .
Task 1, the design pavameters for the two clircular geometry FHPCP': verc -
established. Details of the FHPCP geometry and wick structure are listed v
in Table 10. T

4 5.3 FABRICATION, FLEXIBLE HEAT PIPE COLD PLATE
“i Based on the established thermal designs for the 2.54 cm diameter and
3 the 1.58 cm diameter FHPCP concepts, each unit was built as outlined

below,

Sinter coarse circumferential powder metal wick. All 10
201, OF 16 heat pipes were sintered sinulcgncously
Tifdere slotted -m&-y tubes and sinter fine povdcr matal

.M4v1ck. . Aglln, all 10 eo 16 heat pipes were sintered 7

sioultaneously. B |

Sinter condenser wick structure as outlined above

Test the arteries for the amount of pressure they can hold.

A pressure of 8.89 cm of water vas required vhen tested in

acetone,

Weld artery manifolds to the 10 or 16 artery tubes.

Pressure check the arteries again.

Insert several layers of -325 stainless steel screen into

the stainless steel bellows to reduce the possibility of

liquid entrainment. -
B  Veld on manifold end caps to the cold plate. B
| Weld Bi-Braze connectors to the manifold end cap and condonlofﬁ
Bi-Braze connectors are stainless steel to aluminum transition

couplings,
“oog  Insert the - flexible--teflom—shrink eub!w -aztery--into the ... ..
stainless steel bellows and seal to the cold plate manifold and

condenser arteries,
. Weld the assembly together including the condenser and cap.

T et TRl
; : ""_"*"‘_‘ - "

Check for leaks with a helius mass spectrometer.
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TABLE 10.

COLD PLATE:

ARTERY:

WORKING FLUID:

TR e e e e L N (e s et P e -

PERFORMANCE TESTING:

Ly ;,,;,-‘;?}!‘:.5 ; ,: . h,;‘ Fiive o )
1#‘E€h - 76.2 cm, includit» stiinless -steel

-,

Letigth - 30 cm, 1100 sluminum
iR ol #

30 em x 30 cm, 1110 aluminum
Conccpt'l: 10-2.54 cm dianmeter heat pi?es

Concept II: 16-1.58 ca diameter heat pipes

flexible bellows

Evaporator and Condenser

-60 +150 aluminum powder - circumferential wick

-150 4325 aluminum powder - arterfal wick

(evaporator only)

Y

€ &Iy

0.476 cm diameter artery enclosed in a 0.159‘cu B

powder metal wick %‘
2
Teflon tubing used in flexible bellows ’§

Ahhonia and acetone .

PN

- " ©3 P e

Powder versus Delta-T

Power versus Inclination Against Gravity

Distributed Heat Loads




#5.4 TEST MATRIX, FLEXIBLE HEAT PIPE - COLD PLATE

| A test matrix for the FHPCP is shown in Figure 21, The FHPCP's were
performance tested using both ammonia and acetone. Tests vere conducted "?
at horizontal, 5.08 cm and 10.16 cm against gravity. The evnporator“

region was heated using four (4) heater arrangements.

s, 3 TEST PROCEDURE, FLEXIBLE HEAT PIPE - COLD PLATE *

Minco thin foil heaters supplisd heat to the mrcr svaporator tn thc\;&

hu\:oraconﬂ;uu:i.om shown in Figure 21, For each heater’ Iocatton. the - ‘;
; flux vas unit'orn over t.hc hntod area. Imulut:!.on vu placcd over

ﬂaxibla bellows. The FHPCP with 1.58 ca diameter holes m tested with
acetons only. v i

A water cooled heat exchanger was placed around the condenser to~
simulac. the thermal bus. The heaters were turned on and the cold plate {
‘was left und{sturbed to reach steady state operation. Upon reaching '3‘
steady state, the ~emperatures were recorded and the heat load increased.
This procedure was cepeated until the delta-T between the edge of the cold .
plate and the condenser exceeded 10°C during testing. A photograph of the
FHPCP during performance testing is shown in Figure 22.

© 5.5.1 Axsery Prining #
o ' “¢ In order for a heat pipe of any design to operate using arteries as
. tho liquid return mechanism, the artery must be "primed.® The amry is
required to be complatsly filled with the vottm‘é #Tuld ¥ith no vapor
- present. This “priming* mechanism allovs the %vmﬂmi e

from the condenser via the artery, If the artery is not "primed* then

fluid cannot return to the evaporator and the evaporator wick structure
dries out. With the evaporator dried out, the heat pipe can no longer
transfer power.

On earth, the artery will prime if the capillary head of the-artery
is greater than the gravity head of the wick structure. - -For space the
gravity head is eliminated and the artery will self-prime. .

ORIGINAL §':CESS
OF POOR QUA




0t x ot

0t x ot

a.nnuuon«.uoe u0

0€ X o¢

(LTIT 40 SZAONI) (W) SNOISNAWIG

NOLIVINATHO o aIvid

TVINOZINOH

B VISP B SOV R R A




-

2f -

\... l
. e e
— T ada N ey

—~——% tﬂuﬂb‘-ll-l g 1 e ) nﬂ&‘li




pt!ﬁling ‘the iPtertes using acetone as the \rorifnx': :
fluid was established under NASA Contract Number NASB-35263, “Heat "

‘ Tramport Across Structural Boundaries." The procedure utilized the vapor

& prassure of the working fluid to push the liquid into the artery. Any

; lpo:' gas present in the artery is condensed by the vapor pressure of the

,. %rkin; fluid.

M

&

v Results of the performsnce tests conducted on the 2.34 cm FHPCP
design using acetone and ammonia as the working fluid are shown in
,,figu’rh 23-30. " The data plotto’d shows the delta T between the average
“temperature of the cold plato .vaporntor and the condonscr wall, as a

”'5.6 RESULTS AND COMCLUSION, FLEXIBLE HEAT PIPE COLD PLATE

sl

A .~ a1 e

‘function of power transferred.
: Figures 23-30 show plots of the performance tests using acetons as

the working fluid. Tests were conducted at 0.00 cm, 5.08 cm and 10.16 ca
" fnclination against gravity with four different heater geonstries on the
cold plate surface. Inspection of the performance data indicates that
uniform heat loads and strip heat loads normal to the heat pipes performed

li best.

W B~

In Task 1, a maximum delta-T requirement was established at 10°C,
; “with the delta-T being the average temperature of the cold plate
L evaporator to the temperaturs of the thermal bus. The test results shown
{in this section do not include the delta-T of the interface between the
. FHPCP and the thernmal bus receptacle. While conducting performance tests
!  for the FHPCP, a concurrent study wvas conducted to design and test
‘different interface joint geomstries between the plug-in components of the
""FHPCP and thermal bus receptacle. The purpose of the study was to develop
o et o ~GUEN N TOU-aTCN: T tiereby—incressing-the -heat  transfer
capability of the FHPCP while satisfying the 10°C limitation.

Test results indicated that a contact resistance of 1.35 cm?*C/V was
achieved for a tapered condenser/thermal bus receptacle joint gaoutry.'
Therefore, the FHPCP tested with a uniform heat load heater geometry would -
yield a  maxidum heat transfer capability of 800 watts in order to mest
"the 10°C delta-T requirement. The strip heater geometry ‘would yleld a

700 watt maximum heat transfer capability. These heat transfer

GNGINAL #°7F 1S
OF POOR QUALITY 2k
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values for the FHPCP are calculated from the contact resistance determined
for a tapered geometry. Actual testing of the FHPCP with the tapcéed
condenser and thermal bus receptacle were conducted in Task 6. A complete
description of the tapered interface design and test results are presented
in Section 6.0 of this report. _

Figures 31-34 show plots of the performance tests for ammonia. Tests . -
wvere conducted at 0.00 cm, 1.27 cm and 2.54 cm inclinations aga&nsc
gravity using the four heater geometries on ths cold plate surface.
Testing at larger inclinations with ammonia yielded unsuccessful results

-

due to the arteries depriming at 5,08 cm and 10.16 ca tilts. » 4
The depriming ol tho arteries may be caused by flux material ; i
7 {ntrod ”d'durtu; the' i!neotlng process. These materials could affect the
_,votc1n| angle which will lead to poor capillary performance. These :7;;
nmaterials also lpp..r to generate non-condensible gas within the arteries e
and cause them to deprime. Once this happens, the svaporator portion of ‘ .

the cold plate dries out and the plate stops transferring power.

Under Air Porce Contract No. F33615-84-C-3413, similar performance _
vas indicated when the pipe was {nitially charged with ammonia. However, : }
by operating the pipe gravity aided for greater than 1000 hours and
periodically venting, the flux materials appear to bs removed by chemical

T ———

“i‘i‘h".;

reactions with the circulating ammonia.

# An alternative flux material {s being evaluated by Thermacore on an
IR&D program. This naterial can be used to sinter aluminum at lower - A
temperatures. Life tests to date show no incompatibility with ammonia.

Also, the wick permeability is approximately a factor of 10 or better for

the same pore size, Using this material, the cold plates will have

similar delta-T limitations {n the present wick structure, but will be

- ~_able to transfer more power. e e o R =
Taking into account the dalta T bQCVeen the condenser of the FHPCP !% )

and thermal bus receptacle using the contact resistance discussed o §

previously, a heat transfer capability of 750 W i{s achievable and falls b'i

within the 10°C delta-T 1limitation. Three of the four heater s .

configurations were abie to achieve this heat transport capability. These

heaters provide a uniform heat load over the evaporator area. Strip 15
heaters work best when they are positioned normal to the direction of the i By
heat pipes. ' é

56
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Performance testing of the FHPCP with 1.59 cm diameter holes
demonstrated limited performance. Testing with acetone as the working
fluid at a 0.00 cm inclination yielded a maximum power capability of
300 Ww. Testing at further inclinations against gravity proved
unsuccessful. Due to the limited performance with acetone, ammonia vas
not tested.

Analysis of the data and FHPCP design indicates that a capillary
1{m{t couid causs the lov power transport capability. A capillary liait
occurs vhen the sum of the liquid, vapor, and gravitational pressure drops
exceed the capillary pumping capability of the wick. The location of the
unexpectedly high pressure drop could be in the artery manifold which
supplies the 16 evaporator pipes with liquid drawn from the condenser.
A more detailed analysis on the mechanics of supplying 1{quid to the 16
evaporator tubes evenly through a manifold needs to be conducted.
Unfortunately, this falls outside the scope of work for this work effort.

5.6.1 Conclusions: Flexible Heat Pipe Cold Plate

] The FHPCP with 2.54 cm diameter holes performed as expected with
acetone, however, it appears that it is not maintaining primed
arteries with ammonia.

[ ] The FHPCP with 2.54 cm diameter holes, using acetone as the

working fluid, performed best with the heat loading uniform over

the evaporator area. Strip loads normal to the heat pipes also

e e LT o

proved successful.
:7;!:ﬁ;.1ho FHPCP with 2,54 ¢m diameter holes, using amsonia as the
. vorkin; flutad portor-od best with all heater geometries sxcept

e “ﬁiﬂwﬁm R N SO
[ | The FHPCP with 1.59 cm diameter holes did not operate as

designed.

5.6.2 Recommendations: Flexible Heat Pipe Cold Plate

»n The FHPCP with 2.54 cm diameter holes will be the selected
design to be delivered to NASA.

61



et wnm. SUS RECEPTACLE DESION REQUIREMENTS

., Heat Transfer Capncity

6.0 THERMAL BUS ALTERNATIVES
High performance thermal b:y ceptacles (TBR) are roquiroﬁd to+
transfer the heat collected by . .ap-on cold plates and FHPCPs to the
Space Station thermal bus hes- :13fer system. The receptacles can be
placed in the thermal bus line .c. modularity, expansion and contingency. -
Figure 35 shows a schematic of how tha thermal bus receptacles can be '
utilized in the thermal bus. The TBR can accept the clamp-on cold plate
on its outer cylinder, and accept a FHPCP by plugging it into the inner
cylinder.

e, v e o Kttt Bt s e < 1o o B

!qisc}‘ L _{

. Lt ik F

. . Both of the TBRs were designed based on the heat pipe design
requirements listed in Table 11 below,

TABLE 11. Thermal Bus Receptacle Design Requirements

Thermal Bus Receptacle
Working Fluid Ammonia

Thermal Bus Receptacle
Operating Temperature 0 - 40°C

Mass Minimize

Qutside Diameter (to accept the

clamp-on cold plate) 7.62 cm

Inside Diameter (to accept to F 3
FHPCP condenser) TBD )
Length . - TBD

(outside diamster) ke B i o 31000 W

e oy e = EORERpES A e by A e e - e el A e e meamena ' e e s e

Heat Transfer Capacity
(inside diameter) >1000 W

Condensate Return Line 1Inside
Diameter 0.58 ca Dy § 1.57 cm

Liquid Supply Line Inside Diameter - 0,45 cm gD $1.27 e
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* parsonnél (£, Perris, T. Brady) it was decided to pursue Concepts I and
'!I only. B

s

6.2 DESIGN

Three TBR concepts were established at the beginning of the Phal;;;l
program, Figures 36-38 show drawings of the three roceptaclcs. Concopc 1
{s a flow through concept that can accommodate two phase flow exiting the
receptacle. Concept II i{s a 1008 liquid phase in - 100% vapor phase out
concept which uses sensors and valves to regulate the amount of liquid
delivered to the accumulator. Concept III is both a flow through and a
phase separating receptacle concept.

Each of these concepts were evaluated in terms of the requirements
l{sted in Table 11. In February, 1987, in a phone conversation with NASA

!,",;w Y

6.2.1 Load Sharing Interface Design

In Task 1 a delta-T requirement of 10°C maximum was established for
a clamp-on cold plate and FHPCP. The delta-T was between the average
evaporator temperature of these components and the thermal bus receptacle
evaporator, taking into account the interface delta-T of the mating
surfaces. Task 2 identified Indium foil as the interface medium which
would provide the lowest interface delta-T for the clamp-on cold plates.
In the design of the TBR's, an evaluation was conducted to determine the
plug-in geometry between the condenser of the FHPCP and inner cylinder of
the TBR which would provide a combined FHPCP, thermal interface %1
delta-T < 10°C. v

Two {nte fﬁc. 3eonotr£¢l vbrc ‘fabricated and tested for daltaér as
a function’ o!’hca: flux. The {nterface geonstries include otrli;ht lnd '

Hpeved plugbin ussonbiy.: Th.“tfalght plug-in assembly utilizes an

interface materisl that provided a lov dalta:T and meets NASA out;uﬁu .
requirements. The interface materials tested include thermal greass and

a boron nitride/vacuum pump oil mixture.

The tapered plug-in interface geometry relies on the contact
resistance between the mating components. Both mating surfaces were
machined and polished to a surface finish of 16 rms or better. The

delta-T was determined as a function of heat flux and contact pressure.
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6.2.1.1 Description
A straight plug-in interface test article and a tapered plug-in

interface test article were designed and fabricated. The straight plug-
in interface test article utilized an interface material that was Injected
into the gap of three simulated flexible heat pipe cold plate condensers,
each with a slightly different outside diameter. The condensers provided
a 0.013 cm, 0.025 cm and a 0.051 cm gap between the mating components.
A drawing of the straight plug-in interface test article is shown in
Figuro 39.

‘ Tvo !.m:utttcb aateridls vere Euc-d Emerson and Cuming TCA thoml

gruu and ‘a béren nttridolvaem M ofl mixture. The Emerson and

Cuming thermal grease material was selected due to its performance in
Task 2 of this program {n which a 1°C delta-T vas achieved at 7 W/cal, THe
boron nitride/pump oil combination was selected dus to its intorhco
performance under NASA Contract NAS8-36263, “"Heat Transport Actou
Structural Boundaries." Testing under this program yielded a . 5'
delta-T at 3.5 W/cn? fot the boron nitride/pump oil combination. li
The tapered plug-in interface test article relies on the contncc
resistance between the flexible heat pipe cold plate condenser and tpc
thermal bus receptacle to produce a low delta-T. A standard Jarno tlpof,
0.600 inch/ft was used for this application. A drawing of the capot%d
plug-in test article is show in Figure 40. Testing for intorfacc
delta-T and ease of disassembly was conducted at several contlct
pressures. To help diuuenbly. a thin film of diffusion pump oil v!'u
appliod to the tapcrcd co-pomntn. ‘
Heat was applhd to “the :l.ntcrfaco test articles (straight uxd
tapered) by a Y.27 ‘cn cartridgo “’hut‘or inserted in the center of %ﬂ

simulated condenser. The hut was ctransferred fadlally outward, vhere to—

was removed by cooling water. Thermocouples located in the wall of the
simulated condenser and in the wall of the simulated thermal bus

receptacle were used to determine the delta-T across the thermal

interface.
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. 6.2.1.2 Thermal Interface Test Procedure

The following procedures were used to collect the thermal interface

test data for the straight and tapered plug-in assemblies.

Straight Plug-In Test Article
A) Insert the simulated condenser into the simulated receptacle
B) Adjust the gap size to the desired distance using metal fnil of
known thickness.
c) Injccﬁ the interface material into the interface gap.
Insert thcrmocouploa into tho sinmulated condenser wzll.
;m&i i %Itiﬁf ot tuk‘t seslant around the bottom gap
cireunferance to prevent vwatsr leakage.
Place the test article into circulated cooling vater. Turm on
the power to 100 W,
Allow the test article to reach steady state and record the
%f ' thermocouple readings into the laboratory notebook.
H) Increase the electrical power in 100 W increments and repeat

€ steps G-¥ up to 1000 V.

% A) Insert the simulated tapered condenser into the simulated

%; receptacle.

gkl B) Bolt the two components together with the retaining rings.

4 C) Torque the bolts to meet the required contact pressure.

%} D) Place the test atticlo {nto circulating cooling water. Turn

%gi power on to 100 V. , :

g“f” E) Allow the ‘test” articls to ‘Teach steady stats and record the

# T “thetaodouple TENALgs “tnto tim-laboratory-notebeek. .. . -
F) Increase the electrical power in 100 W increments and repeat

steps F-F up to 1000 W,

71




6.2.1.3 Thermal Interface Test Data RN
The test data taken for the straight and tapered ﬁlug-in test o
articles are plotted in Figures 41-43. The data for the straight plug in f :

test article are shown as a plot of delta-T versus thsrmal power

transferred for thermal grease and the boron nitride/pump oil mixture.
The data for the tapered plug-in test article are shown as a plot of
delta-T versus contact pressure,

Test data for the boron nitride/pump o0il mixture 1nd1cate delta T's
above predicted values. These results are attributed to the boron nitride
and vacuum pump oil separating during injection into the interface gap

‘ “i’ﬁf %ﬂt ‘Bétwesn the individual borom nitride particles. 'm-
1nc:&uu the contact resistance between the particles and {in turn
increases tls delta-T,

Test data for the thermal grease also indicated a delta-T above
predicted values. The results were attributed to the inability to inject
the thermal grease into the narrow gap with sufficlent distribution to
completly £ill tha gap. As with the boron nitride/pump oil mixture, this
would produce a high contact resistarice between the walls of the mating
components,

Data analysis also indicated a non-uniform temperature profile along
ths male plug-in component length. This {s possibly related to surface
irregularities between the cartridge heater and the hole in which it was
inserted.

Test data for the tapered interface geometry indicated a 3.7°C
. dclcnor at 1000 ¥ which corrolpondn to a contact resistance of 1, 35 cm?-

: C/U Thit“%ook piaco at a coritact pressure of 200 1b/in3, Accotdin; to
:test dita‘f%%oaﬂ?ﬂ%&csontod f#fétﬁc FHPCP itﬁh scetone as tﬁo vorking
fluid, 800 W s achievable with a 10°C delta-T which includes the
interface delta-T.

Following the interface delta-T testing, the tapered assembly was .
placed in a vacuum chamber at 1 x 1073 torr to simulate a space
environment., The mating components were torqued to produce an interface
pressure of 300 1b/in? at 40°C. This test was conducted tu determine if
diffusion bonding will occur between the highly polished components.
Prior to asseubling the tapered joint, a thin film of diffusion pump oil
was applied to the mating surfaces to act as a mold release. The test was

terminated after accumulating 1002 hours.




T e e mom

€I8p 3593 90€ja9Iu} UF-3n{d IYSFei3s - 91083dedax snq Temaayl °{y @ n3T14

S

‘--m-” 5

-
-~

e

(s110M) Jomod
oom_oO:ooEoomoomoEooooonoe.oonoouwoo_o

S, e e e e e O
i Iﬁﬂ """ |
w | B 1°
.. | > 1,
! @ d
- ® 49
‘ -
. . 48
3 N i 4 0l
- L q i 4
‘ p2)oIpRId 0Z'/NE W |
. i P3}0IPAId QL0 /NG O
. pajoIpaid GUO° /NG ¥ -
: I i 1 v1
. pe}se] D30 /N8 vV |
pa1sdL 0EO' /NG @
" - v pa1saL GQ0'/Ng © 7 9!
\, sﬂ . u\AQV_ 1
o A 1 2 1 2 A 1 2 1 " 1 " L A L A [ 1

——l— gl

——— e

51 900p93u] uj=bnid ybions
3o01daday sng |pway]




ooi 00LL 000l 006 008 00L 009 00S O00F O00%

—031ed

(0) L

pa12Ipald QZ0' /3031 _o_.&mc lv
poYoIpald QLQ° /aspal _oc.r_o: 1 v

paisa] 0Z0' /250349 | 9: 'Y
paysal 010’ /asoas9 1ow oc.rxo
oM

1 s

L

wmo._. 2oDJ493u] ul-bnjg Judiong
ﬁ_ooﬁmomm sng |pwJIsy|




T 3 e SNV ok Lataml -1 1o et P gt T Y Lo ks e

Ot it dob B0 e 1]t VA, AL R T AT A

(3

~x BIBP 189 PIVIINIUT uj-3n1d pexadel - #7Ovldod9x 6NQ TPwWIdYL “°LY #an313

A u1/sq|) 2inssaid }ODU0Y

. 00% 0S¢ oor’ o052 002 0SL 00! | 0S 0
.w, . A ] ¥ Y M  § v Y v T M T - — v OOOO
- o—— (®) o
K | M0OO1 e 4 4 0050
, ° .
- 4 0001
| v v .
- - v 4 006'1
- 1 oo0'C
. | A O ! © =
- A " {005z T
. - L —
B A 41 000°¢ —
L L N
- 4 ooge O
: - -1 000't
i B 4 00G't
, T R 2 — . L R 1 . 1 . 1 . ) R . 000°S

m_uoﬁooom sng |pwJtay]

T A w A R VR AT SR o 1 T A AR5 S U Tl e A MR




Dismantling of the tapered joint was accomplished with ninor

resistance. Stainless steel nuts were use to jack the simulated condensor :
out of the simulated receptacle. This was accomplished by turning one nut’
at a time approximately a quarter of a turn. The pattern in which the
retracting nuts were turned wvas the standard pattern for nountihg flunges :
in which gaskets are used for seals. *
Five passes around the flange were required to remove the simulated
condenser from the simulated receptacle. Inspection of the interface
comzponents indicated that diffusion pump oil was still present in the
interface gap.
The -acceptable results found during delta-T testing and diffusion
Bond 'éiit‘l‘i\; has made ‘the tapered interface geometry the preferred design
.joinlng tho FHPCP to the TBR. This design also reduces the time
roqulrcd and rhk u-ocl.atcd with working outside of the habitat modules,
since a thermal compound need not be applied to the joint.

6.2.2 Thermal Sua Raceptanls - Wick Structure Dasign -

The wick structure design is separated into two seations. The first
section outlines ths wick structure design for TBR Concept I, variable
quality vapor out. The second section outlines the wick structure for Tik
Concept II, 1008 liquid in phase - 100% vapor out phase. 3

6.2.2.1 Wick Structure Design - Concept I B

The wick structure for the variable qualicy vapor out TBR focused on
mass, heat transport capacity and fabricability. An axial grooved wick

- P EaG e o awsdim ISR S
e e e R b et e et ke oo o 4 G b Tt b et -

structure wvas selected as the preferred design. Axial grooves, 0.15 cm
deep x 0.07 cm wide with a 0.07 ca land, have sufficient capillary pupin;
capabuity to trmpare tho required loads. k)

‘ The axial grooves "for the outer cylindor ‘of ths TBR were oxtruaja'"m"~
from 1100 aluminuz. A drawving of the outer cylinder and a photograph of
the extrusion are found in Figure 44. The axial grooves for the inner

cylinder wers machined from 1100 aluminum. A drawing of the inner

S S SIPI S rp——

cylinder and a photograph of the machined part are shown in Figure 45,
The inner cylinder was also designed to accept the tapered condenser from
the FHPCP, Figure 46.
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In o‘réor t:o -d!rect i:hi' tuppl‘y ’6! 1iquid to the grooves from é%u

:Tliquid supply llm. a llqufd distrfbution plate placed in the TBER, vi‘l

‘ duigned to allew for llqdfa to supply the grooves only. An alumif

: 'l"?'pévder ﬁ&ul 1ifier was -iﬁﬁﬁcd fn front of the liquid portion plate md

directly against the axial groovu in order to establish a resistance to
the ammonia flow as to assure all grooves are supplied with fluid at the
same time. This resistance to the flow is needed to overcoms the affects
of the earth’s gravity on the ammonia working fluid. For a spac.
application, the powder metal wick would not be required. A drawing and ‘
a photograph of the liquid distribution plate in the TER is shown 1n
. Figure 47.

In the actual nppliutlon. amnonia for the Space Station thermal bus
vill be injected into the TBR through the l1iquid supply line. The ammonia
will feed the axial grooves and will evaporate due to the waste heat

generated from equipment and experiments attached to the clamp-on cold
plate and FHPCP, The variable quality vapor will exit the TBR via t}u
condensate return line and rejsct the waste heat by radiating to space
from the Spicc Station radiators.

6.2.2.2 Wick Structure Design - Concept I

The wick structure for the 1008 liquid phase in - 1008 vapor phase
out TBR utilizes sintered powder metal and 1iquid return arteries. The
sintered powder metal will only wick in enough fluid to fill the wick
structure. The wick structure is the same basic design used for the
clamp-on cold plates and FHPCP. A coarse powder circumferential wick vas
sintered to the inside diameter of the outer cylinder and the outside
diameter of the inner cylinder. Dus to the geometry of the plug-in
- component of .the. TBR,..a. limited vapor space prevented the use of,
fndividual arteries for each wick structure. Arteries were sintered
integral to the coarse circunferential wick on both cylinders. A dtlwing
of the TBR Concept II wick structure is shown in Figure 48. Pressure dtop
calculations indicate that the wick structurs has sufficient capillary
pumping capability to accommodate the load sharing from both the clamp-
on cold plate and FHPCP.
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.« external ultrasonic sensor could dstect 1iquid ammonia accurately. Both
" manufacturers indicated that dus to the large diameter of the aluminum
" gebuaulats?,  the wall-wick {nterface and the porosity of the wick

g4

The 100% liquid phase in - 100% vapor phase out design utiliz@l
1liquid reservoir or accumulator to supply liquid to the artcrics
powder metal wick structure. A liquid level sensor is needed to dctornino <
the amount of ammonia in the reservoir so that the ammonia flow fron thej
thermal bus can be regulated into the TBR during operation. Two liquid
level sensors were evaluated for this application, a manual sensor and an
automatic sensor. A i

Both the manual and automatic options were reviewed and it was
determined that the automatic sensor would not be feasible. Two 1l{quid

level sensor manufacturers were contacted to determine if an automatic

structure, an ultrasonic sensor would not opsrate properly.

The thermal bus receptacle is expected to interface with the main
contractor’s automat{c level control system currently planned for the
Space Stat{on thermal bus. Thermacore therefore, utilized a manual sensor
concept in the form of a sight glass and valve for the prototype thermal
bus receptacle accumulator. This provided level control sufficient to
demonstrate performance.

A powder metal wick structure is needed in the 11quid reservoir’ ‘to
supply the wick of the heat transfer area with fluid. Fine powder metal
(-325 mesh) was sintered into the reservoir such that the arteries of the
heat transfer area would be supplied directly. Liquid from the reservoir
is wicked into the powder metal and drawn into the arteries of the heat
transfer area.

During operation, a pressure differential will exist between the
vapor space of the heat transfer ares and the accumulator. The pressure
differential is due to the vapor pressure of ammonia being higher in the
heat transfer area than the accumulator. This pressure differential will
restrict liquid ammonia flow into the wick structure. To compensate for
the pressure differential, a pressure equalizing tube was incorporated
into the design. The tube was positioned between the vapor cavity of the _
heat transfer area and the vapor cavity of the accumulator. Figure 49 s
{1lustrates the accumulator with the pressure equalizing tube and wick o

structure.
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e (VARIABLE
PARAMETEP, QUALITY VAPOR OUT)

E R

Bouten

Diameter

Wick Structure

o
§ :
i

-4

No. Arteries

Liquid Supply
Line Diameter

Condensate Return

Line Diameter

Weight

7.62 cn
4387 .
Ammonia

Axial Grooves

1.09 em ID
1.57 em ID

3606 grams

7.62 cm
48.89
Ammonia

Powder Metal

1.57 cm ID (vapor),
0.49 cm (liquid)

4909 grans
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unting flangelv These flanges serve to conn ct th>;condens;:jof the

;fHPCP to the inner cylinder of the TBR The flanges were: designéd-with
: es, so that an even torque could be applied vhen assembling
'the”com’ponents. From the tapered joint geometry designed previously::}
200 1b/in? contact pressure is required to obtain the lowest interface
delta-T. This translates into 71 in-1lbs torque per bolt for the flange.
The 100% 1liquid phase in - 100% vapor phase out concept has two
condensate return lines. A 1.57 cm ID vapor return line is positioned
145° from_the top of the TBR horizontsl position as tested on earth. A
15 11hutd’ retuen 1ike s positionsd 180° from the previously
ated ro!orineo. The 1liquid return line is added to the 100V vapor out
Bnccpt 1n cass liquid ammonia overflows through the pressure equalizing
tute into the heat transfer area. Through experimental work with the
1iquid level .sensors and solenocid valves as supplied by the thermal bus
contractor, a liquid flow sequence can be established such that this
overflow should not occur.
A drawing of TBR concept I and a photograph is shown in Figure 50.
A drawing of TBR Concept II is shown in Figure 51. The structural
integrity of the TBR's was verified by hydrostatic testing. The
hydrostatic test pressure was 1.5 times the maximum allowable working
pressure of ammonia at 40°C (225 psi). A complete structural analysis of
the TBR's was supplied to NASA personnel (R. Long) on April 14, 1988.

6.4 TEST MATRIX, THERMAL BUS RECEPTACLES
The performance of the thermal bus receptacles was verified by test,
Each TBR was consolidated with a clamp-on cold plate and FHPCP,




SO nrs
e e e e maemmm TS e et o e e+ e

— e - - 15543 —-- -

* LR, P -
AR S ST Tttt 117

AN SIS
\\\\" '\ l\l’\" IEIILIIIIS Y i

T 8 < b 25T R S e

b EOAE T W A

T

Figure 50.

’ . .
s v trom e e m , R . / S e T R N -t e




. [ e e
i jplead i . B
B 22002 9yoe3dasea-snq;Tewla STCTaIn ‘ AR I AR
T T V2 B ;mﬁ}uﬂﬂ&&kﬂ;ﬁih&}aiﬂ&,{v{nﬂm.‘ﬂi‘%ﬂnﬂ e L ..M.M.H? TN RSP A
FhRT D i ) . : - LA i
o4 ot ; P g T 4 DL BB F e TR . - .,mA NES
’ oF - 18
Bl ..,,.4 i - N)\. O‘Fg‘.—-tu - & — Y ¥
R n» . . Coa X ) M J
e s L [ B Yeeo- o L] qge—— o - )
A R AR s I o VR L - onommtey -
B ——— E:
: o] 3
; ' Py

- osti

(Y

.,n:n

A A N S S S S S SN NS SO SSOSONTNOS NN /W/;/./.K//)».//J/))//n/. AR NN _.%
-
%

- ' ’ 7

/K//////////////! W —

\ 5

S TP w_ﬁ_@ 4
\VVV x. .

r(/F/VVl(/(K/VEAWV/ SNNTN —/ AW WYY

..‘MAI&.'W.M.» n. ’ " i |
SR G wrew Y ity ey ! 7 q ] m vl
5 L R YK ) i iz
-Pa¢ s R L-0-G 4 AP = Jvevb )
e 1Y S T a2nd » srevi] Smaend
. J LY. K. -

wia k™
Sl TR T T K ] X )
hd ol T ' : SIVT) AN .

del Lw. N AWy =y i
V] v i 5> ©F T . ’ . o4
AT, b
¥ [ IV T T oY
= Y- PVieINS QMvL v
2rARSII vl

- 2 I 4 cﬂh
. VT 130T 'w

E)

CECERES
%

1

ER HEREMALE
i




6. 5 TEST PROCEDURE - :

A simulated Space Station’ thornal bus wl:;designcd and fdbricated to’ i
vetify the 'ée:lgn chnracterlstics of the TBR'c'undcr load Thisggmnonig 5
pumped 1oop uged for TBR and con:olidatlon to:tin; utilized a
nagnetically-coupled gear punp to supply liquid ammonia to the TBR ~The
test apparatus, shown in Figures 52-53 uses an ammonia accumulator that

vas subcooled with a methanol/dry ice pumped loop. The vapor condenser;Q

was cooled with an ice water pumped loop. This produced a delta-T and
pressure differential between the pump loop condenser and the accumulator.
This pressure differential was required so that the liquid ammonia could
be supplied to the pump evenly and reduce pump cavitation.

A povdnr uotal filtor vas {nserted in the liquid supply line before

"tht iﬂﬂp té ptwmt dny loose aluminum povder metal particles from
entering the pump. The liquid return line was added to the apparatus for
TBR Concept II to remove liquid that entered the heat transfer area
through the pressure equalizing tube.

The entire heat transfer package which includes the hardvare buile
in Tasks 1-5 was assembled and tested to demonstrate the integration of
these modular heat transfer devices to the Space Station thermal bus,
Thermal bus receptacles were inserted into a simulated Space Station
thermal bus liquid supply line. A clamp-on cold plate was mounted on the
outside cylinder of the TERs and a FHPCP was inserted into the inner
c¢ylinder. i n

The interface medium between the clamp-on cold plate and Tli;l vas
Emerson and Cumnings TC4 thermal grease. The condenser of the FHPCP was. -
coated with a film of diffusion pump ofl to aid in rctruccin; the
condenser following the test.

===~ Liquid-ammormin— was SUPPTLIFVTts the T1ow EHFGUEH TBR (Coicept IY at™
a constant rate. Power was applied to the plug-in or clamp on assembly
until a steady state condition existed in the TBR. The data was recorded

and the power was increased. Testing was terminated when the tcmperature

of the TBR reached the pressure limitation of the liquid ammonia on the

TBR wall (55°C).
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) ﬂ'} L’.’" d
-”,vick structurc of the hut ttansfer area. The lcvel’of liqui‘ a_monia
’ varied botvun tvo set points. Thc high set point: vu belov tho ?ntrmcc '
..\to t:ho prcuurc oqualizing tubo." "“Ihc low ut point vué
AL YO . 78 . )

approxiu:oly 0 635 ca fron tho bot.:twon of the téur&oit. :

" lov ut po!.nt:?a
reservoir up to the high ‘set point:. The valve wvas then cloud and’
cycle was repeated until the conclusion of the test. »
between the level reaching the low set point and opening the ;aivo Qal
dependent upon the hut load to be rejected. A 1liquid 1w.1 umor
fnatalled trits'Whe resirvolr vould sutomatically open and close the valve

Lo R ) W’f?r‘”mwllquid sammonfa. The TBR would utilize the prime
contractor'’'s liquld level sensors.

During the accumulator £illing sequence, the power was applied to the
plug-in or clamp-on assembly until a steady state condition existed for
the TBR. The data was recorded and the power increased. Testing was
terminated when the temperature of the TBR reached the pressure limitation
of the liquid ammonia on the TBR wall (55°C)

6.5 RESULTS AND CONCLUSIONS, THERMAL BUS RECEPTACLES

The test results for the performance testing of the TBR Concept I:‘aro
shown in Figure 54. The figure plots power versus delta-T for the TBR
flow through design. The power was applied to the TBR's by consolidating
the FHPCP and clamp-on cold plates to the TBR. The performance delta-T
is the temperature differential between the average FHPCP or clamp-on cold
plate evaporator temperature and the TBR vapor temperature.

The plot {ndicates a power of 175 watts corresponding to the 10°C i
total delta-T limitation. The low heat transfer capabllity {s due to a
large interface delta-T between the clamp-on cold plate and the TBR and
the FHPCP and the TBR. The interfaces did not match as closely as
required resulting in a high interface resistance and corrnpondihgly high
delta-T. In order to achieve a low thermal resistance the interface must
be machined to tighter tolerances and then highly polished. -
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: ’Q i
and outer cylinder are capabla of transfetring at lcaat: lOOO watts. A

~ photograph of comolidation testing for the flow through’ daaign is shown

in Figure 55. < 4N ‘,3

Test rcaulta for the reservoir TBR are shown in Figurc !':;6 A
photograph of this tut;ing scheme is shown in Figurc 57. F::)n' thc dat:a. 5
it can be seen that the heat traaafer capability of thc'ﬁclmp on cold,
plate to the TER and the FHPCP to the TBR is much lower . than prodicted : :
The lower than expected results are due to inadequata control over the .~‘f
reservoir level during testing. 1If the ammonia in the raservoit was
allowed to drop balw the given set point, the wick atructuro will dry
oG i‘uuléiﬁt in & reduction of heat transfer capability.

U T ST LdNp -on” cold plate was tested individually and the results are
shown in Figure 58. Clearly, the control over the liquid ammonia level
in the reservoir is improved. A 750 watt heat transfer capability was
achieved corresponding to the 10°C delcta-T limitation. This heat transfer
capability/delta-T limitation is in agreement with the performance data
for the 30 cm x 30 cm ammonia clamp-on cold plate tested in Task 3. These
data also show a low interface resistance between the mating components.

Individually testing the FHPCP did not yleld any improvement in
performance over the data presented in Figure 56. Analysis of the data
indicates that a large interface delta-T was present between the mating
components. Again, this would cause a drop in heat tranafar capability
between the FHPCP and TBR.

The FHPCP was removed from the TBR and a tapered condenser was bolted

‘.*

into place. The tapered condenser was instrumented with a 1.27 cm,

2000 watt cartridge heater which was inserted down the center of the
condenser. " “fha “tapered “condenser/cartridge heater arrangement was
inserted to determine if a lower thermal resistance was achievable with
a different condenser than that of the FHPCP. Figure 59 shows the
performance data from this test, It is evident that the condenser surface
finish better matched that of the surface finish of the the FHPCP

condenser. The data also suggest that the TBR with a reservoir design is

s e e T g i o e - e
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K T : oo B - :
capable of transferring at least 1250 W from the clamp on orﬁplugi

SR ,\A.%cf

is strlct control over the amnoni

eLIHERﬁAL'Bus RECEPTACLE : < o

_‘q“

Both TﬁRfdesigns ara capaﬁlo‘of transferring tha wasto

B b RO

. #—
‘rof TBR II is . entinl to provlde uniforn heat rejection.

resistanca and dclta-T

'

 RECOMMENDATIONS: TAFRMAL BUS RECEPTACLE
Future TBR designs with a reservoir should include a’ liquid
levol sensor nnd 'solenoid valve to provide tighter concrol over
the liquid ammonin lavel. ‘

Future fabrication of the heat transfer package (clanp on cold
plate, flexible heat pipe cold.plato and thermal bus rcccptaclc)

should iInclude a proceduro to conduct a final machining and’

zilpolishing of the mating components after component fabrIZation.

T T T ——



. st el s
'The demonstration of the hardware consolidacion
ii’h. '},d,':‘ - E

receptaclel were designed to Q

~‘ Ty et -f .‘L ‘)Q
and ’lexiblo ‘heat . pipe ‘cold! platc in
PN
The roquirements for tha total hcat transfer package aro shodh below

, 'a;g

FLEXIBLE
CLAMP-ON HEAT PIPE

COLD PIATE COLD PLATE
Mass Minimize Miniaize

Operating
Temperature
S (°C) . 0 - 40
Dimensions , ; 30 x 30, 2.54
~(em) - X dia holes ;;_

30 x 30, 1.58
dia. holes

' Temperature
Drop (°C) 8 - 10 8 - 10

Total Power
(W) 2000 - 3000




Task 6 in order to verify the performance of the thermal bus receptacles.'i"‘
Consolidation testing with the flow through TBR yielded a 175 watt heac
transfer capability which was limfted by the 10°C maximun delta T
requirement. The low heat transfer capability was caused by g large
interface delta-T between the clmp on cold plate and the TBR and the .
FHPCP and the TEBR. , : ""“%j(
~ Consolidation testing using the TBR with 'a reservoir yielded a 100.
vatt heat transfer capability with the FHPCP and a 250 watt capability
ith the claap-on cold pllt.r The test was terminated because the cla.nrp-
of'cold Riate é%.utur s tdachad the S§°C temperature limitation. The
?%"ﬁ%W%’wm &n }Eﬁ Iha "-d;q'.utc control over the reservoir level
during testing. 1If che ammonia in the reservoir falls below the minimum
set-point, the wick structure will dry out and reduce the heat transfer
capabilicy.
Individual tecting of the FHPCP and clamp-on cold plate with the
reservoir TBR was conducted to determine {f better control ovar the

ammon{a level was achievdble. Individual testing of the clamp-on cold

plate resulted in a 750 watt heat transfer capability corresponding to the
10°C maximum delta-T limitation.

Individual testing of the FHPCP did not improve the test results.
A large thermal resistance between the FHPCP tapered condenser and TBR was
the cause of the low heat transfer capability. The FHPCP was removed and
a tapered condenser only was inserted into the reservoir TBR. The
condenser vas instrumented with a 1.27 cam diameter, 2000 watt cartridge

heater. Testing yielded a 1000 watt heat transfer capability which

corresponds to a 10°C maximum delta-T limftation. It is apparent that the
surface finishes of the mating components matched well resulting in a

lower interface delta-T.




TABLE 14, szdlidation Test Results

t* SN

Clamp On Cold Plnto. H{PCP

e

As  an additional task, Thermacore combined the tochnology"
dovolopnon:a of the clmp -on cold plate, FHPCP and TBR uunbly and

O

o W fabricatcd a flow through cold ph:o. .The flow through cold plito usu L

tho wick structure developed for the clamp-on cold plate; t.h. artcry and *
vapor core manifold developed for the FHPCP; and the vnri&blc quality
vapor out chauctcrilticl from the flow through TBR, ﬁ.m.. o

-
e ki_m-"'

‘ The flow through cold plate shown in Figuro 60 1: assembled diroctly ;

. {into- thl Spaccgsntlon thermal bus similar to the TBR. The llquid supply
lim 1: 1nto;ntod directly into the artery manifold where the Ilquid
monh is luppllod to thc powder metal wick. The power is input on ‘the
top of the cold phto.w The heat input is transferred into thc sjuc.;'
_ Station radiators through two return lines; one for vapor and one for
liquid. The result is a high porfomnco. lightweight huc tramfcr
device to reject waste heat from equipment and experiments..- ﬁ‘z’* 1

with a <1°C delta-T. The test was terminated when the heater cnp:city vas

reached,
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Figure 60,
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b‘rThe floq‘ through TBR’
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; transferring at: least 1000 watts to

o e

radiators.

interfaco dclta T,
cnpabili A
wty

. »1;.

l-\;turo consolidn:lon dui;nl should includc a 'ptoc duro*

1#’ e

emc i'tina

Catter f.i;rlution. "I”f;,, : <%
The TER with a reservoir should be designed to includs’ tho Spac

Station thermal bus 1liquid levsl sensors and valves ‘
provido tighter control over the liquid ammonia Iovol. A‘
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